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Abstract - Pulse width modulation converters are now 
used in many grid-connected application. A filter is 
normally inserted between the converter and the power 
grid to reduce the switching harmonics. Since the wind 
power is normally linked to the power grid through a long 
transmission line, the grid voltage becomes distorted and 
contains lower-order harmonics. By using the separated 
models of fundamental component, low-order, and high-
order harmonics, the electrical stresses of the filter 
capacitor can be comprehensively evaluated. The 
performance of the Proportional-Integral (PI) and the 
Proportional-Integral-Resonant (PIR) current regulator 
have been analyzed with different grid distortion levels, 
and loading conditions. A case study of 2 MW wind power 
converter shows that, by using the conventional PI current 
control, the capacitor lifetime is considerably reduced if 
the background harmonic exists all year around. 
Nevertheless, the PIR current regulator can eliminate the 
additional electrical stresses of the filter capacitor caused 
by the background harmonic and is thereby a better 
solution. 
I. INTRODUCTION 
Wind generation systems are being increasingly installed in 
remote area, such as offshore wind farms. In order to inject the 
generated power to the grid, the power transfer typically 
requires long transmission lines, which might make these 
connections weak due to the limited capacities [1], [2]. The 
presence of voltage disturbances (e.g. voltage sag, voltage 
imbalance, and voltage distortion) are more severe in these 
weak transmission lines. Moreover, the grid codes require that 
wind turbines are able to withstand certain voltage 
disturbances without tripping.    
Pulse Width Modulated (PWM) converters are now used in 
many grid-connected applications, including the renewable 
energy systems (e.g. photovoltaic, wind, fuel cell, etc.) and 
adjustable-speed drivers when regenerative braking is required 
[3]. A filter is often inserted between the grid-connected 
converter and the power grid in order to attenuate the 
switching harmonic to be within an acceptable level. 
Typically, the series inductor is used as the filter interface due 
to its simple structure. The alternative LCL filter offers the 
potential for improved harmonic performance at lower 
switching frequencies. However, due to the resonance hazard 
of the LCL filter, damping solutions are needed to maintain 
the system stability [4].  
The performance of power capacitor is complicated and 
highly affected by its operation conditions, such as the 
voltage, current, frequency, and temperature. Many 
researchers have investigated the degradation of the 
electrolytic capacitors [5]-[7]. However, few studies 
investigate the mission profile impact on the degradation of 
the film capacitor, which is widely used in the LCL filter. 
Moreover, the power grid voltage is normally not purely 
sinusoidal due to the large amount of diode rectifiers, and the 
harmonic influence on the reliable operation of the filter 
capacitor is of interest and importance.  
This paper addresses the background harmonic impact on 
the filter capacitor used in the wind power application. Section 
II briefly describes function of LCL filter capacitor. Electrical 
stresses of the filter capacitor is comprehensively analyzed in 
Section III, which considers the various types of current 
regulators, background distortion level, and the loading 
conditions. Section IV addresses a mission profile based 
lifetime estimation of the filter capacitor, and compares its 
annual damage by considering various background harmonic 
profiles. Finally, concluding remarks are drawn in last section. 
II. FUNCTION OF FILTER CAPACITOR 
The typical configuration of the DFIG is graphically shown 
in Fig. 1, where the rotor-side of the generator is linked to a 
partial-scale back-to-back power converter through slip rings. 
The rotor-side converter aims to regulate the active and 
reactive power of the generator stator-side, while the grid-side 
converter serves to maintain the constant DC-link voltage and 
to provide part of the reactive power required by the grid 
codes. Due to lots of switching harmonic voltage introduced 
by the PWM inverter, a filter is normally employed in between 
to mitigate the corresponding harmonic current flowing into 
the grid [8]. 
The design procedure of the LCL filter is well described in 
[9], where the converter-side inductor is selected according to 
the switching ripple requirement, while the grid-side inductor 
is chosen based on the harmonic specification from the IEEE 
standard. For the filter capacitor, it is generally designed 
viewed from additional introduced reactive power. As higher 
capacitance causes an increased current stress and loss 
 
 
dissipation, 5-15% of the absorbed reactive power at the rated 
operation condition is a rule-of-thumb [9]. Due to the high 
withstand voltage and non-polarity, the metallized film 
capacitors are normally applied as the filter capacitor. 
Moreover, the dielectric material with the polypropylene (PP) 
is preferred compared to the polyethylene terephthalate (PET) 
owing to the much lower loss factor. One of the main failure 
modes is often caused by high current stress and internal 
temperature, which leads to a reduction of the breakdown 
voltage and even melting of the capacitor. 
 
Fig. 1. Doubly-fed induction generator based wind turbine system 
with an LCL filter. 
III. CONTROL IMPACT ON ELECTRICAL STRESSES OF FILTER 
CAPACITOR 
Due to the high penetration of the diode rectifier loads, the 
grid voltage cannot be purely sinusoidal, and the background 
harmonics (5th, 7th, 11th, and 13th, etc.) normally exist. As the 
existence of the background harmonic deteriorates the quality 
of the grid-feeding current, the performance with various 
current controllers will be investigated and compared in this 
paper. The individual model of each harmonic component can 
be established in order to evaluate the control scheme, 
distortion level, and loading condition impact on the electrical 
stresses of the filter capacitor. 
A. Control scheme under grid distortion 
As the behavior of the filter capacitor is purely dominated 
by the grid-side converter, the power from the DFIG can be 
simplified as the current source like shown in Fig. 2. Dual-
loop controller design is normally applied – the outer loop 
deals with the constant DC-link voltage, while the inner loop 
takes care of the converter-side current quality. In addition, the 
grid voltage is measured to obtain the phase angle, which is 
fundamental to realize the vector control in the synchronous 
rotating dq-axis. 
In the case of the normal grid, as the sinusoidal reference 
current becomes DC value under the dq-axis, the PI controller 
is used for the current control. However, if the background 
harmonic exists, the current flowing into the grid may become 
distorted due to the limited bandwidth of the PI controller. 
With the help of dq transformations under various harmonic 
orders as well as the corresponding Low-Pass Filters (LPF), 
the harmonic current reference can be set to zero under each 
harmonic order by using multiple PI controllers. Alternatively, 
a resonant controller can be employed to compensate the 
harmonic components of the grid voltage [10], which is more 
efficient and convenient to be implemented. 
 
Fig. 2. Control structure of the grid-side converter under background harmonic. 
B. Analysis approach for background harmonic 
With the parameters of the grid-side converter and its 
current controller listed in Table I, the amplitude and 
frequency characteristic can be seen in Fig. 3 for the LCL 
filter plant and current controller. Since the resonant controller 
is able to overcome different orders of harmonics by the 
adjusting the resonant frequencies, it is assumed that 5th and 
7th order harmonics are the key components of the distorted 
grid. Due to the same value of the grid inductor and the 
converter inductor, the converter and grid voltage has an 
identical impact on the filter capacitor voltage and current. 
The transfer functions from the converter/grid voltage to the 
capacitor voltage and current are as shown in Fig. 3(a), which 
indicates that both 5th and 7th orders of capacitor current and 
voltage are considerably suppressed from the converter/grid 
voltage. Nevertheless, as the fundamental component of the 
capacitor current is 10% of the rated current, the background 
voltage harmonics may still have significant influence on the 
behavior of the capacitor current. As the converter voltage at 
the 5th and 7th order cannot be fully controlled by using PI 
controller, the PIR controller is preferred in the case of the 
grid distortions. 
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Table I 
PARAMETERS OF GRID-SIDE CONVERTER AND CURRENT CONTROLLER 
Parameters of power circuit 
Rated power 400 kW 
Rated amplitude of grid voltage (base voltage) 563 V 
Rated amplitude of grid current (base current) 395 A 
Grid equilalent inductor 4 µH 
Grid-side inductor 125 µH 
Converter-side inductor 125 µH 
Filter capacitor 300 µF 
DC-link voltage 1050 V 
Parameters of current controller 
Switching frequency 2 kHz 
Proportional coefficient 0.3 
Integral coefficient 15 
Resonant coefficient 5 
The performance of the PI and PIR controllers is 
investigated and compared in Fig. 3(b). It can be seen that the 
PIR controller has an additional infinite gain at 300 Hz 
compared to the PI controller at 0 Hz, which implies that the 
fundamental, 5th, and 7th order harmonics of the converter 
voltage can be fully regulated by using the PIR controller. 
Due to the existence of the low-order background 
harmonics, together with the high-order harmonic caused by 
the modulation, the individual model of each harmonic 
component can thereby be established as shown in Fig. 4. The 
fundamental component of the converter current reference is 
determined by the transferred power from the DFIG, while its 
current reference at 5th and 7th orders is controlled to be zero. 
Due to the fact that the impedance of filter capacitor at 
fundamental frequency is typically much higher than the grid 
inductor, the fundamental component of the converter current 
flows hardly through the capacitor branch. Nevertheless, it is 
worthwhile to mention that around 0.1 pu fundamental current 
still exists, because the voltage across the filter capacitor is 
almost the same as the grid voltage. For the low-order 
harmonics, as the reference of the converter current is 
regulated at zero, it can be anticipated that the low-order 
harmonics of the filter capacitor current is the same as the grid 
current. With respect to the high-order harmonics, as the 
impedance of the grid inductor is much higher than the filter 
capacitor, it is evident that the high-order current harmonics 
mostly flows into the capacitor branch. 
 
Fig. 3. Amplitude and frequency characteristic curve. (a) LCL filter 
characteristic from converter/grid voltage to filter capacitor 
voltage and current. (b) PI and PIR controller. 
 
Fig. 4. Harmonic analysis of the filter capacitor current. (a) Fundamental component. (b) Low-order harmonics due to background harmonics. (c) 
High-order harmonics due to PWM modulation. 
C. Simulation results 
In order to analyze the background harmonic impact on the 
electrical stresses of the filter capacitor, the capacitor current 
and voltage are simulated with PI and PIR current controllers. 
Fig. 5 shows the simulated results under the rated wind speed, 
where both the normal grid and its distortion (10% of 5th and  
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Fig. 5. Simulation results of power grid and filter capacitor at rated wind speed. (a) Normal grid with PI controller. (b) Distorted grid with PI 
controller. (c) Distorted grid with PIR controller. 
 
Fig. 6. FFT analysis of the filter capacitor voltage and current. (a) Normal grid with PI controller. (b) Distorted grid with PI controller. (c) 
Distorted grid with PIR controller. 
 
Fig. 7. Impact from various factors on fundamental, low-order harmonics, and THD of the capacitor current. (a) Control scheme. (b) Level of 
grid distortion. (c) Loading condition.  
7th background harmonics) are taken into account. In the 
case of the normal grid, by using the PI controller, the 
sinusoidal grid current is in phase with the grid voltage as 
shown in Fig. 5(a). In the case that the grid becomes distorted 
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as shown in Fig. 5(b) and (c), the PI controller cannot handle 
the case with the background harmonics, and the grid current 
is significantly distorted with a large amount of the low-order 
harmonics. By using the PIR controller, the sinusoidal grid 
current appears again regardless of the grid distortion. 
In respect to the electrical stresses of the filter capacitor, its 
current and voltage under the time-domain look almost the 
same regardless of the grid conditions or control schemes. 
Consequently, the FFT analysis of the capacitor voltage and 
current is shown in Fig. 6. In respect to the capacitor voltage, 
although the grid distortion brings the 5th and 7th order 
harmonics, the fundamental component of the capacitor 
voltage is still most dominant. However, in the case of the grid 
distortion, the THD of the capacitor current becomes the worst 
with the traditional PI controller, while by using the PIR 
controller, the capacitor current THD is at the same level as 
with the normal grid condition. 
Fig. 7(a) summarizes the control scheme impact on the 
harmonic distribution of the capacitor current. It is evident that, 
under the grid distortion, the PIR controller is preferred from 
the minimum current of the filter capacitor. At various levels 
of grid distortion, the capacitor voltage and current are again 
simulated, and its impact is presented in Fig. 7(b). Moreover, 
the loading conditions at the sub-synchronous operation of 5.9 
m/s, synchronous operation of 8.4 m/s, and super-synchronous 
operation of 12 m/s are investigated as shown in Fig. 7(c). It 
can be seen that the THD remains almost unchanged under 
various distortion levels and different loading conditions. 
IV. MISSION PROFILE BASED LIFETIME AND RELIABILITY 
ANALYSIS 
According to the mission profile of the wind turbine system, 
a general procedure to calculate the lifetime of the filter 
capacitor is illustrated in Fig. 8. On the basis of the wind 
speed, the produced power can be predicted by the MPPT 
curve. With the information of the background harmonics, the 
current and voltage stresses of the filter capacitor are analyzed 
and evaluated with the generator and converter models. With 
the help of the FFT analysis, their dominant harmonic 
spectrum can be obtained, which further serves to the power 
loss calculation together with the capacitor ESR. Moreover, 
the core temperature is jointly decided by the core-ambient 
thermal resistance and the ambient temperature profile. 
Together with the applied voltage across the filter capacitor, 
its lifetime can thereby be estimated based on the lifetime 
model [11]. It is worthwhile to mention that the hours to 
failure is defined as the B10 lifetime – only 10% of the samples 
fails when the operational hours reach this condition. 
 
Fig. 8. Mission profile based flow-chart to calculate B10 lifetime of filter capacitor.  
 
Fig. 9. Annual profile comparison with different types of current controller under the normal and distorted grid. (a) Ambient temperature and 
wind speed. (b) Core temperature of filter capacitor. (c) Accumulated annual damage.  
With the annual wind speed (Class I) and ambient 
temperature with a sample rate of 1 hour as shown in Fig. 9(a), 
the core temperature profile of the filter capacitor is presented 
in Fig. 9(b). As the sample time interval is much higher than 
the capacitor thermal time constant (typically several minutes), 
it can roughly be assumed that the core temperature of the 
capacitor reaches the steady-state and stays constant within 
every sample period. The damage can thereby be calculated by 
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using the sample period over its corresponding hours to failure 
[12], which is accumulated from a sample period to the whole 
year. As a result, the annual damage of the capacitor can be 
deduced like shown in Fig. 9(c), where the lifecycle of the 
capacitor runs out when the accumulated damage reaches 1. In 
order to analyze the background harmonic impact on the 
capacitor lifetime, the same PI current controller is applied 
with the normal grid and grid distortion of 10%. It can be seen 
that the annual damage is almost 10 times higher in the case of 
the grid distortion. Nevertheless, if the PIR current controller 
is introduced under background harmonics, the annual damage 
keeps almost the same with the normal grid. In addition, 
various distortion levels are compared, and it is found that the 
same annual damage appears regardless of the distortion levels, 
which agrees well with the same harmonic distribution of the 
capacitor current as shown in Fig. 7(b). 
V. CONCLUSION 
Aiming at the reliable operation of the LCL filter used in 
the wind turbine system, this paper studies the background 
harmonic impact on the lifetime expectation of the ac filter 
capacitor. According to the performance of the PI and the PIR 
current regulators, the electrical stresses of the filter capacitor 
can be evaluated under the distorted power grid. Together with 
the individual model of each harmonic component, the 
capacitor current can be investigated by separation into the 
fundamental component, low-order harmonics (due to 
background harmonics), and high-order harmonics (due to 
PWM modulation). A large number of the simulation results 
show that the control scheme may have significant impact on 
the capacitor current THD, while the distortion level and 
loading condition have much less impact on the current 
performance of the filter capacitor. Considering the annual 
mission profile and corresponding electro-thermal profile, the 
lifetime of the filter capacitor can be predicted based on its 
lifetime model. In the case that the background harmonic 
exists all year around, it can be found that capacitor lifecycle 
is almost 10 times less with the PI controller compared to the 
normal grid condition. Nevertheless, by using the PIR current 
regulator, the impact from the background harmonic on the 
electrical stresses of the filter capacitor can be almost 
eliminated, and thereby keep a similar lifetime expectation as 
the normal grid. 
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